Circulating anodic antigen (CAA) levels in serum and faecal egg counts are both quantitative measures of Schistosoma mansoni worm burdens. In this study, we have tested whether circulating anodic antigens can be included into an established egg count model. A data set with 3 repeated faecal egg count and serum CAA measurements of 50 individuals from a community in Burundi with moderate endemicity was used. By means of Monte Carlo simulation, both antigens and egg counts were related to an underlying worm pair distribution, taking into account the variation in repeated measurements (within individuals) and the variation in worm burdens (between individuals). Models with various assumptions (e.g. presence or absence of density-dependent egg production) were tested. Whereas observed and predicted egg counts agreed fairly well, the circulating antigen data could not be described satisfactorily. In particular, the predicted number of negative antigen concentrations was much lower than observed, while the number of light positives was overestimated. There seems to be a mechanism that causes a shift of expected (low) positive CAA concentrations towards zeros, which the proposed models do not provide for. Possible biological as well as assay-related mechanisms that may account for this shift are discussed. The assumption that serum CAA concentrations are a simple direct reflection of worm (pair) burdens could not be corroborated by this modelling exercise. Apparently, the relationship between (measured) CAA concentrations, egg counts and worm burdens in human S. mansoni infections is more complex than assumed.

Due to their intravascular localization, Schistosoma mansoni worm burdens cannot be directly quantified in infected humans. In control programmes and epidemiological studies, S. mansoni infection is usually estimated indirectly by counting the number of eggs in faeces (Katz, Chaves & Pellegrino, 1972 ; Peters et al. 1980 ). An alternative measure of schistosome infections is the detection of serum circulating anodic antigen (CAA), a glycoconjugate associated with the gut of the adult worm and released by the parasite in large amounts into the circulation of the infected host (Deelder et al. 1989 (Deelder et al. , 1994 . Several animal studies have shown a good correlation between worm loads and CAA levels (Deelder et al. 1994 ; Agnew et al. 1995) . By interpreting CAA levels as a direct reflection of worm load, valuable complementary information on the distributions and dynamics of worm populations can be obtained. Regression analyses of circulating antigen levels (representing worm load) and faecal egg counts (representing egg load) were used to study mechanisms like density-dependent fecundity in different endemic settings (Van Lieshout et al. 1995 .
De Vlas et al. (1992) have developed a model which relates faecal egg counts to worm burdens. This egg count model incorporates the distributions of worms and worm pairs in the population, as well as the variability of egg counts in repeated stool samples from an individual with a given worm pair load. By including circulating anodic antigen levels in this model, both egg counts and CAA would be related to the underlying, but unmeasurable, worm distribution. Such an extended model would also provide a more accurate relationship between CAA and egg counts than by standard statistical regression methods. The model can explicitly take into account relevant issues as ' variability ' and ' false negatives '. Faecal egg counts show high day-to-day fluctuations, whereas variability in CAA levels is considerably smaller (De Jonge et al. 1989 ; Polman et al. 1998) . Light infections may be missed by serum CAA detection as well as by microscopical stool examination (De Vlas & Gryseels, 1992 ; Deelder et al. 1994 ; Van Lieshout et al. 1995 b ; Polman et al. 1998) .
In this paper, we explore whether CAA concen- trations in serum can be incorporated into an established model for variations in S. mansoni faecal egg counts. We base ourselves upon general concepts on circulating antigens and their relation to worm burdens. Possible discrepancies between model and the available data will help to identify gaps in our knowledge of (factors influencing the levels of ) schistosome circulating antigens in the human host.
  

Epidemiological data
We have used an existing data set from a study on day-to-day fluctuation in circulating antigens and faecal egg counts (Polman et al. 1998) . To our knowledge, this is so far the only field study on repeated individual measurements of serum CAA concentrations in a human population. Briefly, the original study group consists of 50 individuals, all from the same population, who volunteered to participate in the study after having been diagnosed as positive in a preliminary population survey based on single 25 mg Kato slides (prevalence 36n4 %). Stool and blood samples were collected on 3 different days within 1 week. Faecal egg excretion was determined by duplicate 25 mg Kato examinations on each stool sample (Katz et al. 1972 ; Peters et al. 1980) . CAA levels in serum were determined by ELISA as described by Deelder et al. (1989) . Concentrations were expressed in ng\ml of the trichloroacetic acid (TCA)-soluble fraction of the schistosome adult worm antigen (AWA-TCA). Complete data were obtained from 43 individuals : for 1 individual a CAA measurement was missing, for 2 individuals an egg count and a CAA measurement was missing, while for 4 participants no CAA measurements were available. The study group, protocols and analyses have been described in more detail elsewhere (Polman et al. 1998) .
Model structure
The stochastic model used describes both repeated CAA concentrations (ng AWA-TCA\ml) and repeated egg counts (per 50 mg stool) as a representation of an underlying distribution of individual worm (pair) burdens. The model can be considered an extension of earlier modelling work to relate repeated individual egg counts to population worm pair burdens (De Vlas et al. 1992 ; De Vlas, 1996) .
The number of worms per individual n is assumed to follow a negative binomial distribution NegBin(M, k) with mean worm load M and aggregation parameter k. The smaller the value of k, the more the worms are concentrated in a small, highly infected part of the population. High values of k mean that all individuals have about the same chance of being infected, approximating a Poisson distribution. The worm pair distribution is the result of applying a mating process to the distribution of worms. If n m and n f represent the number of male and female worms (n m jn f l n), then x l Min(n m , n f ) is considered to be the number of worm pairs ; n m follows from a binomial distribution with parameters n and p. A value of p l 0n5 means a ratio of male to female worms of 1 : 1.
The faecal egg counts y j ( j l 1, 2, 3) for a given number of worms are assumed to follow a negative binomial distribution NegBin( f FEC (x), r) with mean egg counts being a certain function f FEC (x) of the worm pair number x, and an aggregation parameter r. Repeated individual egg counts could vary between day-to-day stool specimens, e.g. due to changes in stool size and consistency, and within 1 specimen, e.g. due to clustering of eggs. These mechanisms become more important as the intervals between examinations increase or the amount of stool examined decreases, respectively. The value of r is therefore determined by 2 components of aggregation : r " depends on the duration between successive measurements and has been estimated at 5n14 (day-to-day), 1n68 (week-to-week) and 1n27 (month-to-month), respectively ; r # depends on the amount of stool examined and has been estimated at 4n48 for 50 mg stool samples (in 25 mg of stool, r # simply equals 2n24). The overall aggregation parameter r can be described conveniently using the expression 1\r l 1\r Vlas, 1996) . Assuming a proportional relationship f FEC (x) l h FEC [x between the mean egg count and worm pair load x, with expected number of eggs\50 mg stool sample\ worm pair h FEC l 0n05 and r # l 4n48, would correspond with the extensively tested egg count model by De Vlas et al. (1992) . The value h FEC l 0n05 corresponds with the ratio of 1n0 EPG\WP (eggs per gram faeces\worm pair) which resulted from literature review (Gryseels & De Vlas, 1996) .
The distribution of circulating anodic antigens z l (l l 1, 2, 3) for a given number of worms is assumed to follow a Weibull distribution. This distribution can be considered a continuous counterpart of the (discrete) negative binomial with comparable statistical characteristics. Since female worms produce much more CAA than males (Saunders et al. 1994 ; Van Dam et al. 1996) , but ' regress ' in the absence of males (Popiel, Cioli & Erasmus, 1984 ; Saunders et al. 1994) , CAA levels could be considered as a function of paired female worms. We therefore assume the mean CAA level to be a function f CAA (x) of the number of worm pairs x. The Weibull distributed day-to-day variation in CAA relates reciprocally with the shape parameter a. A value of a l 1 indicates that repeated individual CAA levels follow an exponential distribution. Figure 1 gives a flow diagram of the Monte Carlo simulation procedure as it is used to mimic worm burdens, egg counts and CAA levels. A complication in the data set used for the present study is that the individuals were selected on the basis of a positive single 25 mg Kato slide. Thus, in accordance with the field data, only individuals with a positive random sample (
, are included in the Monte Carlo simulated data set.
Fitting and testing procedures
Parameters of the model were estimated by fitting a simulated data set to the field observations using a maximum likelihood procedure. This means that the model must provide the joint probability P( y 
However, to get a reliable estimation of this probability for each observed set of 6 measurements, an almost infinite number of simulations would be required.
Alternatively, P( y " ,…, y v , z " ,…, z w ) can be estimated by calculating the probability of observing v repeated egg counts y j ( j l 1, … , v) and w repeated antigen concentrations z l (l l 1, … , w) analytically, with for each simulated individual i (i l 1, … , N ) the worm pair burden x i as derived from a series of Monte Carlo samples (n, n m , x, y ! ) i . Following Bayes theorem,
where
Each likelihood calculation is based on N l 100 000 Monte Carlo simulated individuals. The model is defined for any number of repeated measurements ; here, the values of v and w are equal to 3, or in case of missing values 3. A ' statistical ' cut off z cut off is used to account for CAA concentrations equal to zero. The Weibull density function is not always defined for z l l 0n0, so that in this case P(z l Qx i ) must be obtained from the cumulative distribution function instead. Thus, the model does not distinguish observations smaller than the cut off value (z l z cut off ). The value of z cut off l 10n0 ng AWA-TCA\ml was chosen high enough to safely include the ' operational ' cut off level of the assay (i.e. the detection limit of 1n0 ng AWA-TCA\ml), but low enough to use most of the quantitative information available (only 3 antigen measurements were between 1n0 and 10n0 ng AWATCA\ml). Higher cut off values would make the modelling exercise less valuable, since antigen measurements would be most informative where faecal egg counts often lead to false negative results, i.e. at low intensities of infection.
The resulting log likelihood is the sum of the log
We added an extra term that accounts for the number of individuals who were rejected from the study group on the basis of a negative Kato slide in the preliminary survey. An adequate fit of this number will contribute to a better estimation of the (lower ranges of the) worm distribution NegBin(M, k). Given an initial prevalence of 36n4 %, the corresponding number of observed rejected individuals is 50[(1-0n364)\0n364 l 87. Assuming that this number (87) We started with a ' baseline ' simulation model for only the egg counts, according to the model of De Vlas et al. (1992) . In this model, we assumed a proportional relationship between egg counts and worm pairs by f FEC (x) l h FEC [x with h FEC l 0n05, whereas M, k and r " were estimated. Also, it was investigated if making these parameters age and\or sex dependent would significantly improve the fit.
Analogous to egg counts, circulating antigens were subsequently included by assuming
and h FEC were preset according to the baseline model, while h CAA and a were estimated (Model A). It is difficult to estimate M, h FEC and h CAA simultaneously, since these parameters are largely correlated (0n5 h FEC nM approximates the mean egg count and 0n5 h CAA nM the mean antigen concentration). One of the parameters should thus preferably be based on other sources than the model. As we know more about h FEC than h CAA , we chose to derive h CAA from Model A and preset h FEC l 0n05 according to the value from literature review (Gryseels & De Vlas, 1996) .
Since circulating antigens are assumed to be a more direct reflection of worm burdens than egg counts (Deelder et al. 1994 ; Agnew et al. 1995) , the next logical step was to use the (proportional) relationship between CAA and worm pairs as resulted from Model A, and examine alternative relationships between egg counts and worm loads (Models B and C). In model B, the relation between egg counts and worm burden is re-estimated, allowing for density dependence by
which would render Model A with h ! l h FEC . A value of h " 1 implies a reduced egg production with higher worm pair burdens, and thus densitydependent fecundity. Model C is an extension of model B, and allows for individual variation in the relation between egg counts and worm pairs (e.g. due to individual differences in amount of faeces produced). Here, we assumed f FEC to vary by multiplying this function with, for each individual, a random sample from a Weibull distribution with mean 1 and shape parameter b. If b _ (i.e. no variation), Model C approximates Model B.
Additionally, various alternatives of Model C were considered. First, we tested the dependency of the model to parameter h CAA , by using other values than the one which resulted from Model A. Models C " , C # and C $ assume h CAA l 2, 0n5 and 0n125 times the value used in Model C, respectively. Second, in Model C % , parameter h CAA was allowed to have different values for adults ( 20 years) and children, since the relationship between antigens and worm burden may depend on age (e.g. due to different blood volumes, immune status) ; we set the geometric mean of both h CAA values equal to the value of h CAA in Model C. Third, we tested an alternative assumption on the 1 : 1 ratio between male and female worms ( p l 0n5) in Model C & . Since animal studies have shown that sex ratios of schistosomes are biased towards males (May & Woolhouse, 1993), a male : female ratio of 3 : 1 ( p l 0n75) was chosen. Finally, we tested by Model C ' the assumption that also unpaired male worms contribute to the production of CAA. The CAA production of unpaired female worms was considered to be negligible (Popiel et al. 1984 ; Saunders et al. 1994) . The proportion of the relative CAA production for male worms and worm pairs was set at 0n2 and 1n0, respectively, according to in vitro experiments by Van Dam et al. (1996) . The ratio between male and female worms was kept at 3 : 1.
Estimation of the maximum log likelihood L of a model was performed by means of a downhill simplex method (Press et al. 1990 ). The obtained maximum was verified and ' finetuned ' by a response surface method (Box & Draper, 1987) . To check for local maxima, optimizations were performed using different starting points. The Chi-square test was used to test the difference in k2L of two (nested) models (.. l difference in number of fitted parameters between both models). Goodness-of-fit tests were performed by comparing observed and simulated cumulative distribution functions for specific characteristics of the data : the minimum, maximum and sum of the 3 repeated measurements of egg counts or CAA. The differences were tested by means of the Kolmogorov-Smirnov one sample test (Siegel & Castellan, 1988) . A model was rejected if the maximum difference, D, between a model derived curve and the data was such that P 0n10. Fig. 2 . Mean faecal egg counts (FEC) plotted against mean serum CAA levels for individuals with at least 1 egg count and CAA measurement (n l 46). To allow for zero values, a value equal to half the detection limit of the particular assay was added to the data (open dots represent the original zeros). The regression lines are described by the equation log (FEC) l αjβ log (CAA), or equivalently FEC l 10 α (CAA) β , with slope β l 0n45 after analysis of all individuals (dotted line), and β l 0n57 after analysis of only subjects positive by both tests (continuous line). Since the slope is 1n0, the relationship between FEC and CAA is non-proportional, suggesting density-dependent fecundity. Fig. 3 . Goodness-of-fit by comparing the observed and predicted cumulative outcome distributions for specific characteristics of the faecal egg count (FEC) data : the cumulative distributions for the minimum (highest lines), the maximum (middle lines) and the sum (lowest lines) of the 3 repeated individual egg counts (n l 50 ; in case of a missing value, the sum was multiplied by 1n5). Predictions were obtained by simulation for 100 000 individuals using the ' baseline model '. Differences in observed and predicted cumulative distributions were tested by means of the Kolmogorov-Smirnov test : test statistic D was equal to 0n1131 (minimum), 0n1638 (maximum), and 0n1500 (sum), respectively (P 0n10 for each aspect).
The variability and possible bias in parameter estimates were examined by generating new data sets and re-estimating the parameter values, using Model C with preset parameters. There is no bias in the estimates if the mean of the re-estimated parameter values equals the preset values. Large variation in re-estimated parameter values would mean that the model is not sensitive for these parameters. Figure 2 gives an illustration of the data by relating individual mean faecal egg counts to serum CAA concentrations. Serum CAA levels and faecal egg counts were significantly correlated (R l 0n85 ; P 0n001). The slope of the regression line between log egg counts and log CAA was smaller than 1n0, indicating a non-proportional relationship between egg counts and CAA. Furthermore, CAA detection resulted in a lower cumulative percentage of positives (76 %) than stool examination (94 %).

First, the ' baseline model ' was tested with different assumptions about M, k and r " with respect to age and sex. The best fit with the least number of parameters was obtained with a single value of parameter k and of r " for all age-and sex classes (k l 0n19, and r " l 2n75), but assuming different values of M for children (M " l 685) and adults (M # l 133). The different values of M reflect the higher egg counts for children than for adults. The goodnessof-fit of the ' baseline model ' is shown in Fig. 3 . According to the Kolmogorov-Smirnov one sample criterion, there were no significant differences between observed and predicted cumulative distribution curves. Table 1 shows the results of fitting the different models to the complete Burundi data set. Including circulating antigens (Model A), resulted in an estimation of h CAA l 1n74 ng AWA-TCA\ml serum\worm pair. Allowing h FEC to depend on worm load in Model B (i.e. density dependence) significantly improved the fit (χ# l 115n6, .. l 5; P 0n0001). A further improvement of the fit was obtained in Model C by allowing individual variation in the relation between worm pairs burdens and mean egg counts (χ# l 20n9, .. l 1; P 0n0001). Nevertheless, the goodness-of-fit of Model C was rather poor. According to the Kolmogorov-Smirnov one sample criterion, the observed and predicted cumulative distribution curves for circulating antigens showed significant differences (Fig. 4) . The predicted proportion of negative antigen concentrations (i.e. below z cut off l 10n0 ng AWA-TCA\ml) was much lower than observed. On the other hand, the predicted cumulative frequency curves for relatively low positive antigen levels (10-100 ng AWA-TCA\ml) were steeper than the observed curves, indicating that the predicted proportion of low positives was larger than observed. For higher antigen concentrations ( 400 ng AWA-TCA\ml), the cumulative frequency distributions were more comparable. The inclusion of antigens in the model slightly worsened the fit for egg counts compared to Table 1 . Results of fitting the different models to the Burundi data (Under different assumptions, the estimated values of the respective parameters are given, as well as the goodness-of-fit (as shown by the ∆). Pre-set values are written in italics, estimated values in bold. M " and M # represent the mean worm load M in children ( 20 years) and adults ( 20 years), respectively ; F represents the number of free parameters estimated by the model ; ∆ is the difference in k2L of each model with model C (k2L l 2424n5).)
* Upper value : age 20 years, lower value : age 20 years (geometric mean was pre-set at 1n74 ). Fig. 4 . Goodness-of-fit by comparing the observed and predicted cumulative outcome distributions for specific characteristics of the circulating anodic antigen (CAA) data : the cumulative distribution for the minimum (highest lines), maximum (middle lines) and sum (lowest lines) of the 3 repeated individual measurements of CAA (n l 46 ; in case of a missing value, the sum was multiplied by 1n5). Predictions were obtained by simulation for 100 000 individuals using Model C. Differences in observed and predicted cumulative distributions were tested by means of the Kolmogorov-Smirnov test : test statistic D was equal to 0n2717 (minimum), 0n2426 (maximum) and 0n2647 (sum), respectively ( P 0n01 for each aspect).
the baseline situation (Kolmogorov-Smirnov test statistic D l 0n1257, 0n1912 and 0n1778 for the minimum, maximum and sum of the repeated egg count measurements, respectively ; 0n05 P 0n10 for maximum and sum ; P 0n10 for minimum).
In order to find improvements of the fit for circulating antigens, various alternatives of Model C were tested. The fit was better with smaller values of h CAA (Model C # , C $ ) than with higher values (Model C "
). Except for M and h ! , parameter values hardly changed. Allowing h CAA to depend on age in Model C % resulted in a h CAA for adults being twice as high as for children, but did not significantly improve the fit (χ# l 1n8, .. l 1; P 0n1). Changing the male : female ratio to 3 : 1 (Model C & ) hardly affected the fit. The values of parameter M simply became twice as high compared to the M values in Model C. Finally, assuming CAA levels to depend on the number of unpaired (male) worms and worm pairs (Model C ' ) did not differ significantly from the situation in which CAA was related to worm pairs only. In fact, it only worsened the fit since more CAA positives would be expected by the presence of unpaired worms, instead of more zeros.
No significant bias was observed after re-estimating the parameter values of a series of modelgenerated data sets : for all parameters the reestimated values were on average equal to the pre-set values (according to Model C). Variation was least for parameters a and r " , indicating that the model was rather sensitive to their values. The model was least sensitive for parameters M and k. Parameters h ! and h " were negatively correlated.

In this paper, we have tried to incorporate serum circulating anodic antigen (CAA) concentrations into an established model for variations in S. mansoni faecal egg counts. Analogous to egg counts, CAA levels were related to an underlying, unknown and unmeasurable, worm pair distribution. Although plausible assumptions were included, our model did not suffice. In particular for low and negative antigen concentrations, the model did not match the data. Nevertheless, various aspects of the model behaved as expected. The choice of the negative binomial for repeated egg counts and the Weibull for repeated antigen measurements seems to be appropriate. The expected slope of 2 between in-dividual log variance and log mean, for both distributions, was according to the data (Appendix 1). The obtained value for the aggregation parameter r " in Model C was 2n83. It is reassuring that this estimate, which is based on an interval between surveys of 2 days, lies in between r " l 5n14 (day-today variation) and 1n68 (week-to-week variation) as previously determined by De Vlas (1996) . One would expect that parameters a and r " are hardly affected by other assumptions in the model, since they are estimated from a relatively distinct aspect of the data, i.e. the variation of repeated individual measurements. However, if the model is suboptimal, these parameters often compensate for a poor fit by assuming more variation. Indeed, the value of parameter a increases (i.e. assuming less variation) as the model improves. Also, parameter r " is markedly smaller for Model B compared to Model C. The question remains to which extent parameters a and r " still compensate for poor fit in Model C. The limited overestimation of the variance in repeated measurements in Appendix 1 indicates that this compensation is only minor for both parameters.
Using h FEC equal to 0n05 eggs\50 mg stool\worm pair, the corresponding value of h CAA was 1n74 ng AWA-TCA\ml serum\worm pair in Model A. In contrast to egg counts, there are unfortunately no literature data available on the relationship between the concentration of CAA and worm pairs in humans. Deelder, Van Dalen & Van Egmond (1978) calculated a steady-state CAA level of about 500 ng AWA-TCA\ml serum\worm in heavily infected hamsters. Assuming a total blood volume of 6 ml\ hamster, and of 6 l in humans, and no differences in production or clearance between hamsters and humans, this value would correspond to a h CAA of 0n5 ng AWA-TCA\ml serum\worm in humans, which is thus approximately 1 ng AWA-TCA\ml serum\wormpair (i.e. if male : female l 1 : 1). It is reassuring that our model -predicted value of h CAA l 1n74 ng AWA-TCA\ml serum\worm pair is of the same order of magnitude, also given the uncertainty of literature-based values of h FEC (Gryseels & De Vlas, 1996) . Nevertheless, the model is not very sensitive to the value used for parameter h CAA . A slight improvement was obtained with lower values (Model C # , C $ ). Though statistically significant, this effect did not resolve the problem of underestimation of zeros and overestimation of low antigen concentrations. We did not fit Model C with free parameter h CAA , since M, h FEC (or f FEC ) and h CAA are largely correlated and can thus not be estimated simultaneously. Allowing h CAA to depend on age (Model C % ) did not give any better results either. Assuming a density-dependent relationship between egg counts and worm loads significantly improved the fit (Model B and C vs. Model A) . Regression analysis of egg counts and CAA levels (representing worm load) also suggested density dependence. In schistosomiasis, density-dependent fecundity is still controversial (Cheever et al. 1977 ; Medley & Anderson, 1985 ; Cheever, 1986 ; Wertheimer et al. 1987 ; Gryseels & De Vlas, 1996) . In this respect, it should be noted that the relationship between egg counts and worm loads as suggested by the model may compensate to a certain extent for the poor fit of the model, and we thus have to interpret our finding of density dependence with great caution. Nevertheless, it is noteworthy that the slope h " l 0n56 of the model-predicted relationship between egg counts and CAA is similar to the slope β l 0n57 of the regression line for positive individuals.
Allowing the relationship between egg counts and worm loads to vary between individuals resulted in a significant improvement of the fit (Model C vs. Model B). Thus, the assumption by De Vlas et al. (1992) of a fixed egg production per worm pair across individuals, may be too simplified. Aside from worm numbers, egg output also depends on processes such as faecal output and stool consistency, which are likely to differ systematically between individuals. Similarly, the relationship between CAA levels and worm loads may also vary between individuals, due to, e.g., differences in blood volumes or clearance rates. As both phenomena are not identifiable simultaneously (see also discussion on fitting parameter h CAA ), we chose to allow for individual variations in egg counts per worm pair as these were expected to be larger. Also here, it should be realised that the level of individual variation in egg output per worm pair as resulted from Model C, may have been overestimated due to the poor fit of the model.
Although various elements of the model behaved as expected, the complete model (C), including various alternatives (C " -C ' ), did not perform satisfactorily. Whereas the observed and predicted data agreed fairly well for egg counts, they differed markedly for circulating antigens. Especially for low and negative antigen concentrations, the model did not match the data : the predicted number of lightpositive antigen concentrations was much higher than observed, while the number of zeros was underestimated. Figure 2 shows that with CAA detection, most individuals were either negative or had relatively high values, resulting in a gap with only few low values in between. This phenomenon has previously been observed in other low-intensity infections as well (De Jonge et al. 1988 , 1991 .
These observations cannot simply be explained by assuming a low sensitivity of the serum CAA assay for light infections, since the model can explicitly account for this : a lower value of parameters a (i.e. more variation in repeated CAA measurements) or h CAA would increase the number of false negative CAA values. However, this assumption apparently conflicts with other aspects of the data. Moreover, the lower detection limit of the serum CAA detection assay has been determined at 1 ng AWA-TCA\ml (Deelder et al. 1989) , so it should not be a problem to detect CAA concentrations of 10-100 ng AWATCA\ml. The relatively low percentage of positives by CAA detection compared to stool examination could in itself be the result of the exclusion of monosexual infections due to the pre-selection in our data set (based on a positive single 25 mg Kato slide). This pre-selection is, however, not likely to be the cause of the poor fit for CAA measurements, since it was explicitly included in the model.
Apparently, there is a mechanism that causes a shift of expected (low) antigen concentrations towards zero, which the model does not provide for. Several possible mechanisms might (partly) account for this shift. Firstly, CAA may actually be present in the blood (sample) but not measured due to inherent methodological characteristics of the assay. Before testing for CAA, serum samples have been ' pre-treated ' with alkaline, a procedure to remove interfering proteins by precipitation (Krijger, Van Lieshout & Deelder, 1994) . In the case of a serum sample with low CAA concentrations and high antibody titres, it is possible that CAA ' coprecipitates ' with the antibodies. This would yield negative test results, where low antigen concentrations are expected. Another possibility is that alkaline pre-treatment does not fully dissociate all immune complexes, which may leave a certain quantity of CAA undetected.
Secondly, the shift may be caused by a biological mechanism, whereby (part of ) the CAA levels in the blood are cleared and thus remain undetected. Low antigen concentrations may be efficiently cleared ; at higher CAA concentrations, the clearance system may get saturated, resulting in an overload of the liver and ' leakage ' of CAA, which will eventually be measured. The clearance of CAA may also be proportional and dependent on the presence of other antigens : with higher infections additional antigens may be produced which compete for the same (immune complex) receptors and thus hinder the clearance of CAA. Another possibility is that with increasing CAA concentrations, different immune complexes are formed which are cleared less rapidly. Previously, mouse studies have shown that CAA was cleared faster in lightly infected than in heavily infected animals, influenced by the size of the immune complexes and related to the antigen : antibody ratio (Kestens et al. 1988) .
Some of these mechanisms may cause a specific shift from low CAA concentrations towards zero, others are more likely to cause a general shift towards lower values, resulting in more zero values as well. The underlying processes and their relative impact on CAA levels are, however, unclear and remain to be solved. A first exploratory investigation showed that a model with a fixed reduction of about 100 ng CAA for each measurement resulted in a highly significant improvement of the fit (difference of k22n3 in k2L with Model C), but still the model did not fit the data adequately enough. Given the present uncertainty of the suggested mechanisms and their underlying processes, it would, however, be too early to test additional assumptions.
In conclusion, the relationship between (measured) CAA concentrations, egg counts and worm burdens is more complicated than we assume, and cannot be described by a straightforward model as presented in this paper. Other (complex) mechanisms must be involved. To be able to properly include these in the model, further research is needed. Meanwhile, data sets from other low\moderate intensity areas should be analysed to see if the observed discrepancies between model and data are similar. It would also be interesting to test the proposed model in high endemic areas. Field experiments to this purpose, as well as new insights or suggested mechanisms to be included in the model would be most welcome.
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 1
Variation in repeated measurements : some theoretical considerations
Of central importance in the model is the choice of the distributions for variation in repeated egg counts and repeated circulating antigen measurements. In addition to the goodness-of-fit tests (Figs 3 and 4) , an independent test can be performed by plotting the observed variance and mean of each individual's 3 repeated measurements, and comparing the 50 dots with the model-predicted relation (see Appendix Figure) . In this way, the appropriateness of the assumption that the variation parameter of both distributions (r and a, respectively) is constant, can also be judged.
In the model, repeated egg counts are assumed to follow a negative binomial distribution with mean f FEC (x) (here denoted by m) and aggregation parameter r. As a characteristic of the negative binomial, the variance v l mjm#\r l mjm# (1\r " j1\r # ). Note that, for large m, the relation between log v and log m approximates a linear curve with slope 2 : log v $2 log m klog r. Using r " l 2n83 (Model C) and r # l 4n48 (see Materials and Methods section), the resulting curve v l mjm#\1n73 is printed (dashed line) in the left part of the Figure. It is clear that the modelpredicted relation between individual variance and mean egg count adequately describes the observed dots.
Repeated CAA measurements are assumed to be described by a Weibull distribution with mean f CAA (x) (also denoted by m) and shape parameter a. For this distribution, the variance v l m#ok1j2a[Γ(2\a)\ (Γ(1\a) )#q, where Γ(.) represents the gamma function. Also here, the
